tent, on the other hand, have the potential to attenuate phytotoxic B concentrations (Goldberg, 1993 (Sposito, 1983) . These characteristics allow chemical A general regression model was developed to predict B adsorption on soils by calculating surface complexation constants for the constant capacitance model from
A general regression model was developed to predict B adsorption on soils by calculating surface complexation constants for the constant capacitance model from B oron is a trace element essential for the growth of prediction equations . These prehigher plants, but the plant sufficiency range is diction equations relate the three surface complexation narrow (Reisenauer et al., 1973) . In areas of plentiful constants: the B adsorption constant, K BϪ , the protonrainfall, plant deficiency symptoms are often observed ation constant, K ϩ , and the dissociation constant, K Ϫ , because of small soil solution B concentrations and large to the easily measured soil chemical parameters: surface amounts of B leaching . In area, organic carbon (OC) content, inorganic carbon arid areas, B toxicity symptoms are primarily the result (IOC) content, and free aluminum oxide content. The of large soil solution B concentrations and application equations reliably predicted B adsorption envelopes of large amounts of B in irrigation waters (Nable et al., (amount of B adsorbed as a function of solution pH at 1997). Both B deficiency and toxicity conditions inhibit a fixed total B concentration) with reasonable accuracy plant growth leading to marked yield reductions of crop on 15 soils primarily from California (Goldberg et al., plants and economic losses to growers. 2000) and B adsorption isotherms (amount of B adSoil solution B concentrations equilibrate with B adsorbed as a function of equilibrium solution B concensorbed onto various organic and mineral surfaces (Goldtration) on 22 Midwestern soils (Goldberg et al., ). berg, 1993 . Adsorption sites on organic matter, oxide These applications demonstrated a completely indepenminerals, clay minerals, and carbonates act as sources dent evaluation of the predictive capability of the conand sinks for B. Adsorbed B is neither directly available stant capacitance model to describe B adsorption by soils. nor toxic to plants . Thus, the adsorp-
The amount of B adsorbed on soil constituents has tion complex plays a critical role in controlling soil solubeen correlated with soil clay content (Elrashidi and tion B concentrations. Boron deficiency often occurs on O'Connor, 1982) . Previous research showed that the sandy soils because of their small B adsorption capacity regression model and prediction equations of Goldberg (Goldberg, 1993) . Soils with large amounts of clay conet al. (2000) were able to satisfactorily describe B adsorption on soils of diverse textures in a field situation describe B adsorption behavior of all horizons using the surface complexation constant values predicted for one of the surface horizons.
MATERIALS AND METHODS
Boron adsorption was investigated using soil samples obtained from three sites in Section 4-2 of the Broadview Water District in the San Joaquin Valley of California (see Fig. 1 ). These samples had been collected for the study of Corwin et al. (2003) . Soil samples were taken in 30-cm increments to a depth of 150 cm. The soils belong to the Lillis soil series classified as very-fine, smectitic, thermic Halic Haploxererts. The three sites were chosen from the 60 sites studied by Corwin et al. (2003) because they exhibited large textural changes with changes in depth from 0 to 150 cm (see Fig. 1 ). Soil physical and chemical characteristics are provided in Table 1 . Detailed descriptions of experimental methods for soil analysis were provided in . Briefly, surface area was measured according to the method of Cihacek and Bremner (1979) , free aluminum and iron oxides were analyzed by the Coffin (1963) method, and OC and IOC were determined by carbon coulometry using a UIC Full Carbon System as described in the study of Goldberg and Glaubig (1986a) and 49 are also indicated.
using a total B addition of 5 g m
Ϫ3
. The complete experimental adsorption procedure was provided in this reference. Boron (Vaughan et al., 2004) but only after laboratory characadsorption envelopes were determined in batch systems. Five grams of air-dried soil were added to 50-mL polypropylene terization of B adsorption behavior and chemical prop- The objectives of the present study were: (i) to deterfor B release at each solution pH (Goldberg and Glaubig, 1986b) . To obtain accurate definition of the shape of the B mine B adsorption envelopes on three soil profiles hav- pH; and (iv) to test whether the model could accurately surface complexation modeling of adsorption was provided phase activity coefficients that correct for the charges on the surface complexes. These reactions and equilibrium constants by Goldberg (1992) . In the present application of the constant were previously considered in modeling and prediction of soil capacitance model to B adsorption, three surface complex-B adsorption envelopes and isotherms ation reactions were considered: .
The computer program FITEQL 3.2 (Herbelin and Westall, 1996) uses a nonlinear least squares optimization routine to
fit equilibrium constants to experimental data and contains
the constant capacitance model of adsorption. As in a prior study , the FITEQL program was used where SOH, the surface functional group, represents both to fit surface complexation constants, optimized fit (OF), to reactive surface hydroxyl groups on oxides and aluminol the experimental B adsorption envelope data and to test the groups on clay minerals in soils. Equilibrium constants for the ability of the surface complexation constants calculated with surface complexation reactions were: the general regression model to predict B adsorption. As before, initial input parameter values were capacitance: C ϭ 1.06
F m Ϫ2 and surface site density: N s ϭ 2.31 sites nm
Ϫ2
. The general regression model prediction equations for the surface complexation constants were :
is the Faraday constant (C mol c
Ϫ1
), is the surface potential
, T is the absolute temperature (K), and the exponential terms represent solid 0.0584ln(IOC)ϩ 0.302ln(Al)
[9] where the units of surface area are (km 2 kg
) and units of
OC, IOC, and Al are (g kg Ϫ1 ). Surface complexation constants logK BϪ , logK ϩ , and logK Ϫ were calculated for each soil sample depth from the chemical properties: SA, surface area, OC, where n is the sample size, P i are the model predicted data, organic carbon, IOC, inorganic carbon, and Al, aluminum and and O i are the observed data. The M parameter is the mean these equations. Using these predicted constants, B adsorption difference between measurements and model simulations envelopes were predicted for each soil sample, PE, and com- (Whitmore, 1991) : pared with the experimentally determined adsorption values. For each depth, the depth-specific prediction was also com-
pared with that obtained using the predicted surface complexation constant values for each of the surface horizons, PEs9, for Site 9, PEs33, for Site 33, and PEs49, for Site 49. For this The CRM parameter is (Loague and Green, 1991) : approach, surface area for each depth was calculated from depth-specific clay content using the linear regression equation obtained for the 15 soil samples:
[13] SA ϭ 5.654 ϩ 348.9(clay mass fraction)
[10]
where R 2 ϭ 0.906**. Other than clay content, no depth-specific measurement was used to predict the B adsorption.
The RMSE and M parameters are both indicators of error and provide insight into quality of fit, whereas the CRM parameter Statistical criteria and graphical displays were used to evaluate the model simulations. The statistical criteria were the indicates whether the predicted values over-or underestimate the observed values and the extent of that over-or underestimodel evaluation parameters: root mean square error (RMSE), mean difference (M), and coefficient of residual mass, (CRM).
mation. When RMSE ϭ 0, the predicted values match the observed values, whereas when RMSE Ͼ 0, the predictions The RMSE parameter is the sum of the squared differences between the observed and predicted data normalized to the deviate from the observed values. A positive value of CRM indicates that the prediction underestimates the observed number of observations: surface complexation constants: logK BϪ (int) for B adsorption, logK ϩ (int) for protonation, and logK Ϫ (int) for
RESULTS AND DISCUSSION
dissociation. These three constants had been simultaneously optimized previously to describe B adsorption Boron adsorption as a function of solution pH was envelopes on soils . Optimized determined for 15 arid zone soil samples and is prevalues of the surface complexation constants are prosented for Site 9 in Fig. 2 , Site 33 in Fig. 3 , and Site 49 vided in Table 2 . Figures 2 to 4 indicate the ability of in Fig. 4 . Boron adsorption envelopes on all samples the constant capacitance model to describe B adsorption increased with increasing solution pH, reached an adenvelopes on all soil samples by optimizing logK BϪ (int), sorption maximum near pH 9, and decreased with furlogK ϩ (int), and logK Ϫ (int) simultaneously. The model ther increases in solution pH. This type of parabolic provided a quantitative description of the B adsorption adsorption envelope is characteristic of B adsorption envelopes, with a few exceptions, especially at low pH behavior on soils (Goldberg and Glaubig, 1986a; Gold- values where there was greater uncertainty in the berg, 1999; . Boron adsorption amount of adsorbed B. behavior at all three sites was similar. The amount of B adsorption decreased with increasing soil depth as Average values and standard deviations of the three 
surface complexation constants are listed in Table 2 . The The standard deviations for the average surface complexation constants in the present study were smaller average values of the surface complexation constants optimized in this study were not statistically significantly than those obtained in the previous investigation. This was likely due to the fact that all 15 soil samples were different at the 95% level of confidence from the average values of these constants determined by Goldberg from the same soil series. The ability of the constant capacitance model to preet al. (2000) indicated in Fig. 2 to 4 . To obtain the model results, B adsorption data versus the experimentally observed B adsorption data. The OFs are shown in Fig. 5a , 6a, and surface complexation constants were calculated after entering the soil chemical properties: SA, OC, IOC, 7a for comparison with the B adsorption data obtained with the prediction equation approaches. Figures 5b, and Al into the prediction Eq.
[7] to [9] . These surface complexation constants were subsequently used in the 6b, and 7b represent the quality of the prediction of B adsorption behavior for each individual soil depth from FITEQL program to speciate the chemical system and to predict B adsorption. The dashed lines represent the its chemical properties, PE. Figures 5c to 5e, 6c to 6e, and 7b to 7e depict the quality of the model predictions prediction of B adsorption behavior for each soil depth from its chemical properties .
of B adsorption obtained from the FITEQL speciation program using the surface complexation constants preThe model predictions (represented by dashed lines and triangles) were very close to the experimental data (repdicted from the chemical properties for a particular surface depth and the surface area estimates from clay resented by squares) considering they were obtained without consideration of any soil specific B adsorption content using Eq.
[10]. For each site, results predicted using the parameters for the surface depths from Site data. The model predictions described the experimental data best at the lower soil depths where clay content, 9, Site 33, or Site 49 are represented by the abbreviations, PEs9 (Fig. 5c, 6c , and 7c), PEs33 (Fig. 5d, 6d , and OC content, and Fe content are least. The predictions should be suitable for transport modeling applications. 7d), and PEs49 (Fig. 5e, 6e , and 7e), respectively. Of all the approaches, the OF model B adsorption Because the model results were predictions, no model parameters were adjusted or optimized. The surface values most closely fit the observed B adsorption data. This result is also indicated in Table 3 where the RMSE complexation constants obtained using this prediction approach are listed in Table 2 . They are not statistically and M values for the OF approach were the lowest for each site. Furthermore, for each site, the CRM values significantly different from the optimized surface complexation constants or the average surface complexation for OF modeling were the closest to 0 indicating that the overall underestimation was least for this approach. constants determined by at the 95% level of confidence.
All prediction equation approaches, PE, PEs9, PEs33, and PEs49, were able to predict B adsorption based Figures 5 to 7 depict the quality of the fits of the model strictly on soil properties that are considerably easier quality of the predictions for PEs9, PEs33, and PEs49 was similar to the soil depth-specific PE result indicating to measure than conducting adsorption experiments. There was no significant difference in the quality of the that all soil depths could be represented using the parameters for the surface depth of any of the sites. Comparison fit for the different PE type data sets (Fig. 5b to 5f , 6b to 6f, and 7b to 7f). It is especially encouraging that the of the various PE approaches and their associated RMSE and M values indicated that PEs9 performed the best (see Table 3 ). rameters using the regression prediction equations pre- 
